Abstract: Skid-steered vehicles are favored for military use in off-road operations because of their high maneuverability and mobility on extreme terrains and obstacles. There is a trend towards transforming steered tracked vehicles to skid-steered wheel vehicles for high speed at the expense of reduced mobility. Skid-steered vehicles turn by generating different longitudinal forces at the tires due to the application of different torques to the wheels on the opposite side of the vehicle. Conventional vehicles, however, cannot generate an opposite driving force at each side wheel. Using an independent steering and driving system, six-wheel vehicles can show better performance than conventional vehicles. Hybrid steering is a combination of skid steering in the load velocity and the steered wheel system at high speed. This steering enhances maneuverability under low speed and stability at high speed. This paper describes a 6WS/6WD vehicle for hybrid steering in three parts: the Vehicle Model, the Control Algorithm for Hybrid Steering, and a Simulation. First, the vehicle model is an application of the TruckSim software for 6WS and 6WD. Second, the hybrid steering control algorithm describes the optimum tire force distribution method for energy savings. The last is simulation and verification.
INTRODUCTION
Multi-axle driving vehicles that are used in special environments require high driving performance, steering performance, and stability. Among these vehicles, 6WD/6WS vehicles with middle wheels have structural safety by distributing the load and reducing the pitch angle during rapid acceleration and braking. 6WD vehicles are known to perform well even on extreme terrains or slippery roads, or when one or two of its wheels have failed, because they have better accelerating and braking forces than 2WD and 4WD vehicles [1] .
The stability control methods that have recently been applied to 4WD vehicles are starting to be applied to 6WD vehicles. M. Abe et al. studied the improvement of vehicle stability by applying the optimum distribution of lateral and longitudinal tire forces to 4WD vehicles [2] .
Skid steering does not use the lateral force generated by the steering angle, but turns the vehicle from the difference in the driving forces of the left and right wheels.
Skid steering is characterized by an extremely decreased turning radius and the ability to turn at the same place [3] . Vehicles with in-wheel motors can control the driving force of each wheel without any mechanical device with the motor mounted in each tire.
Vehicles with in-wheel motors can more easily implement skid steering control, by which the vehicle can turn using the torque difference between the left and right wheels without generating any steering angle. They can improve maneuverability at low speed by decreasing the turning radius while improving stability at high speed by increasing the turning radius.
This study aimed to improve the behavior of 6WD/6WS vehicles by distributing the control inputs using the optimization of the lateral/longitudinal tire forces of 6WD vehicles. For the vehicle model, the TruckSim vehicle model (MSC, USA), which allows 6-wheel driving and steering, was used. For the 6WD/6WS control algorithm of 6WD vehicles, the optimum tire force distribution method was used to minimize the cost function defined by the Fx (longitudinal force), Fy (lateral force), and Fz (vertical force). The simulation compared the cost function values that were used in the tire force optimization method to verify the performance of the control algorithm.
VEHICLE MODEL
To reduce the turning radius, which is a shortcoming of wheeled vehicles compared to tracked vehicles, in-wheel motors can be installed in wheeled vehicles that can independently control each wheel for skid steering, such as turning at the same place, just like tracked vehicles, to acquire mobility. In the case of CarSim, the final K&C (Kinematic & Compliance) data about the vehicle behavior are acquired by measuring the actual vehicle with an SPMD (Suspension Parameter Measurement Device) or receiving the output data of such software application as ADAMS. Therefore, its software is light and appropriate for co-simulation and real-time simulation. For TruckSim, since CarSim only offers 4x4, TruckSim must be used with the same functions as those for 6x6.
TruckSim supports a multi-axle vehicle model (an 8x8 4-axle vehicle model can be developed) that was developed by MSC in the USA. Since CarSim, which is used for commercial vehicles, allows only two axles, this study used the TruckSim vehicle model, which allows multiple axles.
The data required for the development of a TruckSim vehicle model include those on the sprung mass, inertia, dimension parameters, K&C data for the suspension system, tire, power train, brake, and steering system. Because this study covers only electric cars, the vehicle model was developed using these data, except for the power train data. As mentioned above, the TruckSim vehicle model was developed by inputting the subsystem data. As shown in Table 1 , the weight, wheelbase, and tread values that were used were those that pertained to the sprung mass of the 6x6 vehicle. For the suspension system, an independent type was used. For the Jounce input, non-linear values of the lateral/longitudinal changes of the tire as well as the caster/camber/toe changes were applied in a tabular format to the vehicle model. For compliance of the suspension system, the spring and damping values during loading/unloading were also applied in a tabular format. The Jounce/Rebound stop values are shown in Table 1 . The steering model was set to no steering because the six wheels are independently controlled by the control algorithm. For the tire and brake, the models provided by TruckSim were used. Table 2 shows the input and output relationships of the TruckSim vehicle model. The six torques that generated the driving force of each wheel and the six steering angles of each wheel were inputted into the vehicle model. For the output, the lateral/longitudinal velocities' yaw rate, and the speed and vertical force of each wheel, were used. 1 shows the virtual torque performance curve of the TruckSim vehicle model, which is defined by point A that represents the maximum wheel torque (driving shaft torque) and the RPM required for turning at the same place; and point B that was obtained when the vehicle was traveling at the fixed velocity of 120 kph. Point C was obtained by calculating the wheel torque and the RPM that were required for 60% climbing [4] . The torque performance curve can be used later as the basic data for selecting an in-wheel motor and a reducer.
CONTROL ALGORITHM

Virtual steering angle algorithm
The virtual steering angle algorithm improves maneuverability at low speed by minimizing the turning radius, and improves the stability of the vehicle at high speed.
The tire steering angle, δ sw , can be calculated from the steering input by driver δ sw using Eq. 
Driving force / steering angle of each wheel
Since the goal of this study is the modeling of a 6WD/6WS electric vehicle that allows independent driving and steering, this paper proposes a method of determining the operating torque and the steering angle of each wheel to generate each tire force.
If the tire radius is r, the operating torque of the ith wheel from the lateral force of the tire can be calculated using Eq. (2) .
Assuming that the slip angle is sufficiently small, the lateral force of the tire is proportional to the slip angle. The steering angles of the front wheels (i = 1, 2), middle wheels (i = 3, 4), and rear wheels (i = 5, 6) can be calculated using Eq. (3) [4] . 
Desired lateral force and yaw moment
The steady-state steering angle for traveling on a road with the turning radius R is expressed as follows:
where K V is the understeer gradient, which can be obtained using the following equation:
Thus, when Eq. (5) is substituted in Eq. (4), the turning radius is expressed as follows:
The desired yaw ratio of the vehicle is determined from the steering angle and the longitudinal speed of the vehicle using the following equation:
In this study, to generate the desired yaw moment, M, a PID controller was designed using the difference between the desired yaw ratio given in Eq. (7) and the yaw ratio of the vehicle.
The desired lateral force can be obtained from the sideslip angle of the vehicle, the desired yaw rate, and the lateral speed using Eq. 
Optimum tire driving force and lateral force distribution
The size of the force that acts on the tire is proportional to the vertical load. Thus, the longitudinal force F xi , the lateral force F yi , and the vertical load Fzi, which act on the tires, have the following relationship [4] :
From the concept of the friction circle in Eq. (11), this paper uses the sum of the squares of the normalized forces on the tires as the cost function. The desired longitudinal force F xdes , the desired lateral force F ydes , and the desired yaw moment Mdes are inputted in the optimization method, and the six lateral forces and six longitudinal forces of the tires that minimize the cost function J, expressed as Eq. (11), are calculated. Therefore, the constrained equations can be expressed as in the following matrix [2] : 
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The cost function which is given by Eq. (12) can be written by J=x T Wx where:
The optimization problem which is given by Eq. (12) as the cost function and Eq. (13) as the constraints equation is solved by using the Lagrange multiplier method:
( )
The optimal solution given by Eq. (15) indicates the optimized longitudinal/lateral tire forces which minimize Eq. (12). The desired lateral/longitudinal forces, the desired yaw moment, and the vertical force of each wheel (i = 1-6) are used as the inputs for the optimum distribution method, and the lateral/longitudinal forces of each wheel are determined as a result. The lateral force that is determined using the optimum tire force distribution method is inputted as the shaft torque of the TruckSim vehicle model using Eq. (2). Furthermore, the lateral force of each wheel determines the steering angle of each wheel using Eq. (3). In this study, the vertical force was directly fed back to the TruckSim model, as shown in Fig. 3 , and used for the optimum tire force distribution method. Further studies are required on the estimation of the vertical force for future actual applications.
Equivalent driving force distribution
The equivalent driving force distribution method for verifying the optimum tire driving force distribution method can be expressed as follows [5] :
and
where F R is the lateral force of the right wheel and F L is the longitudinal force of the left wheel. l t is the tread, which is the distance between the left and right wheels.
SIMULATION REUSULT
In this paper, TruckSim software is used for verify and test the proposed control algorithm. Compare with the other simulation tool, TruckSim software supports the high degree-of-freedom vehicle dynamic model. Thus we can guarantee that the given vehicle model is enough to test the proposed control algorithm. The vehicle specification is given in Table 3 . To verify the maneuverability and the stability of the vehicle, the test for double lane change is executed using the above simulation software. In this simulation, the steering angle to make the vehicle follows the given course is generated by using the driver model [6] .
The performance of the virtual steering angle algorithm and the optimum tire force distribution method can be easily shown by comparing the two vehicles. The first vehicle is 6WD/6WS and the proposed methods are implemented to this vehicle. And the second vehicle is skid-steering vehicle without the proposed methods.
For a double lane change, the vehicle's velocity is 50kph for the two vehicles. As a result of the simulation, the steering angle for the steering wheel and the trajectory of vehicle are shown in Fig. 4 and Fig. 5 . The steering angle for the steering wheel of the skid-steering vehicle is larger than 6WD/6WS vehicle. And the skid-steering vehicle cannot follow the given course with small path error.
By using the optimum tire force distribution method, we can see the energy is saved with this method. As it already mentioned in the section 3.4, the optimum tire force is determined from this method. Thus by comparing with the skid-steering vehicle which has the equivalent tire force distribution, 6WD/6WS vehicle shows the small value of J. Therefore it indicates the smaller energy is consumed. 
CONSLUSIONS
This study used the virtual steering angle and the optimum tire force distribution as the 6WS/6WD control algorithm of 6WD vehicles. The results of this study are summarized as follows:
(1) The TruckSim model was used as the vehicle model for the verification of the control algorithm.
(2) For TruckSim vehicle models, the Sprung Mass, Tire, Suspension, Brake, and Steering models were used. The virtual steering angle was used to decrease the turning radius at low speed and to improve vehicle stability at high speed. (3) The desired yaw rate generated by the virtual steering angle controlled the driving force of each wheel to create the DYC (Direct Yaw Moment maneuverability and stability of the 6WD vehicles. Further studies are required on the vehicle driving algorithm in a redundant situation, in consideration of failure of the in-wheer-motor. In future, these studies will implement to the fail-safe of the military vehicle.
